The GluR1 subunit of the AMPA receptor plays an important role in excitatory synaptic transmission and synaptic plasticity in the brain, but the regulation mechanism for GluR1 expression is largely unknown. Hairy and enhancer of split 1 (Hes-1) is a mammalian transcription repressor that regulates neuronal differentiation and development, but the role of Hes-1 in differentiated neurons is also less known. Here, we examined the molecular mechanism in regulation of GluR1 expression in rat cultured cortical neurons. We found that Hes-1 suppressed GluR1 promoter activity and decreased GluR1 expression through direct binding to the N-box and through preventing Mash1/E47 from binding to the E-box of GluR1 promoter. We also found that Hes-1 could be regulated by c-Jun N-terminal kinase (JNK1). JNK1 directly phosphorylates Hes-1 at Ser-263. Furthermore, JNK1 phosphorylation of Hes-1 stabilized the Hes-1 protein and enhanced the suppressing effect of Hes-1 on GluR1 expression. These effects were demonstrated both in the soma and at the synapse. Moreover, this JNK1-mediated signaling pathway was found to inhibit AMPA-evoked calcium influx in cortical neurons and this regulation mechanism is Notch independent. Here, we provided the first evidence that Hes-1 plays an important role in synaptic function in differentiated neurons. We also identified a novel JNK1-Hes-1 signaling pathway that regulates GluR1 expression involved in synaptic function in rat cortical neurons.
Introduction
Glutamate is a major excitatory neurotransmitter in the brain, and the AMPA receptor is a subtype of glutamate receptor that mediates most fast excitatory synaptic transmission in the brain (Dingledine et al., 1999) . It also plays an important role in synaptic plasticity (Malinow and Malenka, 2002) . The AMPA receptor is a homotetramer or heterotetramer protein consisting of subunit GluR1-4 (Hollmann and Heinemann, 1994) . Upon presynaptic glutamate release, GluR1 is the key subunit that drives AMPA receptors to the synapse to activate NMDA receptor (Shi et al., 2001) . It is found that the GluR1-containing AMPA receptors are rapidly incorporated into synapses during hippocampal long-term potentiation (LTP) (Makino and Malinow, 2009 ). Other evidence further suggests that GluR1 mediates the effect of AMPA receptor activation on synaptic plasticity because mice lacking GluR1 show impaired hippocampal LTP (Zamanillo et al., 1999; Mack et al., 2001 ) and reexpression of GluR1 in CA1 neurons restores this impairment (Mack et al., 2001) . Despite the fact that GluR1 plays an important role in synaptic plasticity, the molecular mechanism in regulation of GluR1 expression is barely known. The present study was aimed to address this issue.
Hairy and enhancer of split 1 (Hes-1) is a mammalian basic helix-loop-helix (bHLH) factor that was originally identified as an effector of Notch signaling involved in neuronal differentiation (Kageyama and Ohtsuka, 1999) . Hes-1 acts as an important transcription repressor for neural stem cell differentiation by binding to N-box or preventing other activators, such as Mash1 and E47, from binding to E-box of gene promoter (Sasai et al., 1992; Kageyama et al., 2008) . Overexpression of Hes-1 in mouse embryos inhibits neurogenesis and maintains neural stem cells (Ishibashi et al., 1994) . Conversely, Hes-1 knock-out mice show accelerated neurogenesis and increased expression of several proneural genes (Ishibashi et al., 1995) . Yet, with the role of Hes-1 involved in neuronal differentiation well documented, its role in differentiated neurons is much less known. This issue was also examined here. In analysis of the rat GluR1 promoter, we found that it contains seven N-boxes (CACNAG or its reversed form CTNGTG) (see Fig. 1 A) . Therefore, we examined whether Hes-1 may regulate GluR1 expression in cultured cortical neurons.
c-Jun N-terminal kinase (JNK) is a member of the mitogenactivated protein kinase (MAPK) family that phosphorylates specific substrate proteins to regulate various cellular and physiological functions including stress-induced apoptosis (Davis, 2000; Chang and Karin, 2001) . JNK activation was also found to mediate amyloid-␤-induced impairment of LTP in hippocampal neurons (Costello and Herron, 2004) . Moreover, JNK was found to directly phosphorylate GluR2 and GluR4 and regulate AMPA receptor traf-ficking in a bidirectional manner (Thomas et al., 2008) . These results suggest that JNK may modulate synaptic plasticity. In this study, we aimed to examine whether JNK1 may regulate GluR1 expression through the mediation of Hes-1 and the molecular mechanism underlying this regulation. We also investigated the role of JNK1-Hes-1-GluR1 signaling in regulation of AMPA-evoked calcium influx in cultured cortical neurons.
Materials and Methods
Cell culture. The procedure used for preparation of primary cortical culture from rat was adopted from that of Yang et al. (2006) with slight modifications. Briefly, embryonic primary cortical neurons were prepared from E18 to E19 of Sprague Dawley rats. The cortex from the embryo was dissociated with 100 U/ml papain and planted into 12-well culture dishes precoated with 100 g/ml poly-L-lysine at a density of 3 ϫ 10 5 cells/ml with minimal essential medium containing 5% calf serum, 5% horse serum, and 2% B27-Neurobasal medium (Invitrogen). In some experiments, HEK293T cells were used. HEK293T cells were maintained in DMEM supplemented with 10% fetal calf serum. Cultures were maintained at 37°C in a humidified atmosphere at 5% CO 2 . For transfection, primary culture in each well was incubated with 1.6 g of DNA mixed with 4 l of Lipofectamine 2000 reagent (Invitrogen) at DIV7 to DIV9 for 48 h.
Animals. For preparation of the cytosol fraction and nuclear fraction from hippocampal tissue and cortical tissue, adult male Sprague Dawley rats (200 -250 g) were used.
Plasmid construction, mutagenesis, and transfection. The GluR1 promoter-luciferase plasmid was constructed based on the promoter sequence of rat GluR1 gene (GenBank accession number AF302117) (Borges and Dingledine, 2001) . A 2 kb region corresponding to Ϫ1975 to ϩ8 was amplified by PCR using forward primer, 5Ј-CTTCACTGCAGG ATAAATGGTGG, and reverse primer, 5Ј-CAAAGATGTACGGCATAT TCC. The PCR product was subcloned between the XhoI and HindIII sites of pGL3 basic vector (Promega). For construction of the N-terminal Flag-tagged Hes1 plasmid, the full-length Hes1 gene (GenBank accession number BC061730) was cloned by amplifying the rat hippocampal cDNA with forward primer, 5Ј-ATGCCAGCTGATATAATGG-3Ј, and reverse primer, 5Ј-TCAGTTCCGCCACGGCCTC-3Ј. The PCR product was subcloned between the BamHI and EcoRI sites of pCMV-Tag 2B vector. The C-terminal Myc-tagged rat Mash1 gene (GenBank accession number NM_022384) was cloned in a similar way by using the forward primer, 5Ј-ATGGAGAGCTCTGGCAAGATG-3Ј, and reverse primer, 5Ј-GAACCAGTTGGTAAAGTCCAGC-3Ј. The PCR product was subcloned between the BamHI and EcoRI sites of pCDNA4 vector. The N-terminal Flag-tagged rat E47 gene (GenBank accession number NM_133524) was cloned by using the forward primer, ATGATGAACC AGTCTCAGAG-3Ј, and reverse primer, TCACAGGTGCCCAGCTGG ATTG-3Ј. The PCR product was subcloned between the EcoRI and XholI sites of pCMV-Tag 2B vector. The N-terminal Flag-tagged full-length rat Hes5 gene (GenBank accession number NM_024383) was cloned and subcloned into the pCMV-Tag 2B vector as described previously (Lee et al., 2007) . The N-terminal Flag-tagged full-length rat JNK1␤1 plasmid was purchased from Addgene (plasmid 13752). The JNK1 plasmid was also subcloned into the N-terminal HA-tagged pcDNA3 vector. All the vectors used are mammalian expression vectors. For mutagenesis, the N-box of the GluR1-promoter was mutated according to the method described by Takebayashi et al. (1994) . Sequences of CACAAG and CTG-GTG on each N-box were replaced by CCATGG and GTCGAC, respectively, by using the QuikChange Mutagenesis kit (Stratagene) and confirmed by sequencing.
Promoter-luciferase assay. Primary cortical cultures were transfected with 1.6 g of various expression plasmids. For cotransfection experiment, 0.6 g of pGL3-GluR1 promoter-firefly luciferase plasmid, 0.4 g of Flag-Hes-1 plasmid, and 0.6 g of JNK1 (or sh-JNK1) plasmid were transfected to cultured cortical neurons by using Lipofectamine 2000 (Invitrogen) . For cotransfection of four plasmids, 0.4 g each of MycMash1 plasmid, Flag-E47 plasmid, His-Hes-1plasmid, and pGL3-GluR1 promoter-luciferase plasmid were transfected to cortical neurons. For siRNA transfection, 40 nM Hes-1 siRNA or control siRNA was cotransfected with 0.6 g of pGL3-GluR1 promoter-luciferase plasmid. In each experiment, a total of 1.6 g of DNA was transfected to cultured cortical neurons. If the amount of the transfected DNA is Ͻ1.6 g, additional Flag-vector plasmid will be transfected to reach a total of 1.6 g. In addition, 7.5 ng of CMV-promoter Renilla luciferase was transfected as an internal control. Forty-eight hours after transfection, cells were subjected to luciferase activity assay using the Dual-Glo luciferase assay system (Promega) and the TD-20/20 Luminometer (Turner Designs Hydrocarbon Instruments). The relative activity was normalized to the Renilla luciferase activity.
His 6 fusion protein purification. For construction of the His-Hes-1 plasmid, full-length Hes-1 was subcloned into the pRSET-B vector. The Hes-1S263A mutant plasmid was generated using the QuikChange Site-Directed Mutagenesis kit (Stratagene). Bacteria culture of Rosetta-gami 2 (DE3) pLysS (Novagen) transformed with His-Hes-1 or His-Hes-1S263A plasmids was grown at 37°C until it reaches OD 600 0.3-0.4 before isopropyl D-thiogalactopyranoside (Sigma-Aldrich) was added to reach a final concentration of 1 mM. After further growth at 37°C for 2 h, cells were resuspended in Bugbuster protein extraction reagent (Novagen) for protein extraction according to the instruction manual. Various His-fusion proteins were purified using the nickel-nitrilotriacetic acid His-Bind resin (Novagen). The purified proteins were eluted with 0.5 M imidazole and further dialyzed in 1 L of dialysis buffer containing 20 mM Tris, pH 8.0, 0.2 mM EDTA, 100 mM KCl, 20% glycerol, 0.5 mM DTT, and 0.2 mM PMSF.
In vitro kinase assay. For in vitro kinase assay, purified His-Hes-1 protein and His-Hes-1S263A mutant protein (1 g each) were incubated with active JNK1 (40 ng) or active JNK2 (40 ng) (Cell Signaling) in a total volume of 40 l of kinase buffer (25 mM Tris-HCl at pH 7.5, 5 mM ␤-glycerophosphate, 2 mM DTT, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 , 0.1 mM ATP, and 200 Ci/ml [␥-32 P]ATP) at 30°C for 30 min. The reaction was stopped by addition of SDS-containing loading buffer and heated at 95°C for 10 min. The mixture (20 l) was then separated by 10% SDS-PAGE for autoradiography and Western blot.
RNA interference. The Hes-1 siRNA was designed according to that described by Ju et al. (2004) and listed by QIAGEN. The sequences for Hes-1 siRNA were as follows: 5Ј-CCACGTGUGAGGGCGUUAAdTdT-3Ј (sense) and 5Ј-UUAACGCCCUCACACGUGGdAdC-3Ј (antisense). The sequences for GluR1 siRNA were as follows: 5Ј-GCAUUAUCGACCAUUACA AdTdT-3Ј (sense) and 5Ј-UUGUAAUGGUCGAUAAUGCdTdT-3Ј (antisense). The Silencer Negative Control number 1 siRNA (control siRNA) was used as a control. These are the siRNAs with sequences that do not target any gene product [Applied Biosystems (ABI)]. All the siRNAs were synthesized from ABI. In addition, two sequences for JNK1 shRNA were used in this study. The sequence for sh-JNK1-1 was as follows: 5Ј-CC GGCCATTTCAGAATCAGACCCATCTCGAGATGGGTCTGATTCTGAA ATGGTTTTTG-3Ј, and the sequence for sh-JNK1-2 was as follows: 5Ј-CC GGGCCTAGTAATATAGTAGTCAACTCGAGTTGACTACTATATTACT AGGCTTTTTG-3Ј. sh-JNK1-1 and sh-JNK1-2 were cloned into the pLKO.1-shLuc vector and transfected to cultured cortical neurons by using Lipofectamine 2000. In the control group, the pLKO.1-shLuc vector was transfected. sh-JNK1-1, sh-JNK1-2, and control vector were all obtained from the National RNAi Core Facility of the Genomic Research Center (Academia Sinica, Taipei, Taiwan).
Electrophoretic mobility gel shift assay. For electrophoretic mobility gel shift assay (EMSA) experiments, the sequence of each GluR1 promoter probe containing the N-box (underlined) was as follows ("m" represents the mutant probe, and capital letters represent the mutation sites): GluR1-N1: 5Ј-gataaccactggtgttagggac-3Ј; GluR1-N1-m: 5Ј-gataaccaGtCgACttagggac-3Ј; GluR1-N2N3: 5Ј-aaagacacaagaaagcacaagacacctggccac-3Ј; GluR1-N2mN3: 5Ј-aaagacCATGgaaagcacaagacacctggccac-3Ј; GluR1-N2N3m: 5Ј-aaagacaca agaaagcCATGgacacctggccac-3Ј;GluR1-N2mN3m:5Ј-aaagacCATGgaaagcC ATGgacacctggccac-3Ј; GluR1-N4: 5Ј-gtgctgtgctggtgaaggagt-3Ј; GluR1-N4-m: 5Ј-gtgctgtgGtCgACaaggagt-3Ј; GluR1-N5: 5Ј-ctttaagtccacaagcccaga g-3Ј; GluR1-N5-m: 5Ј-ctttaagtccCATGgcccagag-3Ј; GluR1-N6: 5Ј-gtaaatcc cacaagttgtcctc-3Ј; GluR1-N6-m: 5Ј-gtaaatcccCATGgttgtcctc-3Ј; GluR1-N7: 5Ј-gttcaagcagctggtgaatccggggc-3Ј;
GluR1-N7-m: 5Ј-gttcaagcag GtCgACaatccggggc-3Ј.
The N-box-containing probes were annealed and labeled with [␥-32 P]ATP (3000 Ci/mmol) with T4-polynucleotide kinase (New England Biolabs). The unincorporated label was removed by using G-25 columns (GE Healthcare). Labeled probes were incubated with 1 g of His-Hes-1, which was purified from Escherichia coli at room temperature for 30 min. For supershift experiment, anti-His antibody or control IgG was added to the reaction for an additional 30 min. The DNA-protein mixture was analyzed by electrophoresis on non-denaturing 4.5% polyacrylamide gels run at constant 200 V for 2 h in 0.5ϫ TBE. The gels were dried and exposed to x-ray film (Eastman Kodak).
Western blot. Immunoblotting for cultured cells was performed as described previously (Yang et al., 2006) . For Western blot of brain tissues, the cortex tissue and the hippocampal tissue were dissected out from the rat brain and prepared in the same way. Briefly, neurons were lysed and scraped in buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1 mM Na 3 VO 4 , 10 mM NaF, and 1 mM PMSF plus 2% SDS, 2% Triton X-100, 20 g/ml pepstatin A, 20 g/ml leupeptin, and 20 g/ml aprotinin. The lysate was centrifuged at 14,000 ϫ g for 1 h at 4°C to obtain the crude cytosolic fraction. HEK293T cells were lysed in HEPES buffer containing 150 mM NaCl, 5 mM EDTA, 10 g/ml aprotinin, 5 g/ml leupeptin, 10% glycerol, and 1% Triton X-100. Equal amounts of extract were resolved by 10% SDS-PAGE and transferred to the PVDF (polyvinylidene difluoride) membrane (Millipore). The primary antibodies used were rabbit anti-Hes-1 (Millipore Bioscience Research Reagents), anti-Hes-5 (Millipore Bioscience Research Reagents), anti-GluR1 (Millipore Bioscience Research Reagents), anti-JNK1 (for Western blot; Santa Cruz; for immunohistochemistry; Abnova), anti-HNRNP A1 (Acris Antibodies), anti-microtubule-associated protein 2 (MAP2) (Millipore Bioscience Research Reagents), mouse anti-Flag (M2) (Sigma-Aldrich), anti-His (Millipore), anti-phospho-JNK (Thr-183, Tyr-185) (Santa Cruz) and anti-NeuN (Millipore Bioscience Research Reagents), anti-SNAP-25 (Epitomics), anti-PSD-95 (GeneTex). After incubation with the specific primary antibody, HRP-conjugated secondary antibodies were added. Membrane was developed by reacting with chemiluminescence HRP substrate and exposed to the LAS-3000 image system (Fujifilm) for visualization of protein bands.
Quantitative real-time PCR. Total RNA from primary cortical neurons was isolated using the RNAspin mini kit (GE Healthcare). Purified RNA (1 g) was reverse-transcripted to cDNA by SuperScript III reverse transcriptase (Invitrogen). Quantitative real-time PCR was performed using the GeneAmp 7500 Sequence Detection System with Power SYBR Green PCR reagents (Takara) according to the instruction manual (ABI). The Hes-1 primers were purchased from QIAGEN (catalog #QTO1081094) for the purpose of SYBR Green real-time PCR. The primers for GluR1 were designed according to that of Pickering et al. (2006) . The sequence for the forward primer was as follows: 5Ј-GCTTCATGGACATTGACTTA-3Ј, and that for the reverse primer was as follows: 5Ј-ATCTCAAGTCGGTAGGAG TA-3Ј. Each sample was also run with the HPRT primers under identical conditions. The sequence for the forward primer was 5Ј-GCCGACCGGT TCTGTCAT-3Ј and that for the reverse primer was 5Ј-TCATAACCTGGT TCATCATCACTAATC-3Ј. The amount of Hes-1 and GluR1 gene expression is normalized to that of HPRT gene expression.
The P2 fraction preparation. A frozen rat brain CA tissue was thawed at 4°C and homogenized by a glass homogenizer with 50 strokes in 0.3 ml of ice-cold lysis buffer containing 320 mM sucrose, 4 mM HEPES, pH 7.4, 1 mM EGTA, and protease inhibitor mix (Roche). Homogenates were centrifuged at 700 ϫ g for 10 min at 4°C. The supernatant (S1) was centrifuged again at 9250 ϫ g for 15 min to obtain the crude synaptosomal membrane fraction (P2) and the supernatant fraction (S2). The P2 fraction was washed with ice-cold lysis buffer and centrifuged at 10,000 ϫ g for 10 min at 4°C twice. Cultured cortical neurons were incubated with anisomycin (100 ng/ml) and/or SP600125 (25 g/ml) for 18 h at DIV13. Neurons were scraped in 0.3 ml of ice-cold lysis buffer as described above and were homogenized by a glass homogenizer with 50 strokes. The P2 fraction preparation for cultured cortical neurons was the same as that for hippocampal CA1 neurons.
Drugs. NMDA was purchased from Tocris. 2H-Dibenzo[cd,g]indazol-6-one (SP600125), 2-morpholin-4-yl-8-phenylchromen-4-one (LY294002), 2-(2-amino-3-methoxyphenyl)-4 H-1-benzopyran-4-one (PD98059), and
phenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester (DAPT) and TTX were purchased from Tocris Bioscience.
Calcium influx imaging. The cortical neurons were incubated with 5 M Fluo-4 AM dye (Invitrogen) at 25°C for 1 h in dark and washed three times in 20 mM HEPES (130 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgCl 2 , and 5.5 mM glucose at pH 7.4) to remove extracellular Fluo-4 AM dye. Cortical neurons were subjected to laser scanning by using the UltraVIEW Live Cell confocal microscopy (PerkinElmer). Each image was scanned for 500 ms at 30 s interval, and a series of images was obtained over a total period of 10 min with the excitation and emission wavelengths set at 488 and 526 nm, respectively. To suppress the activity of the voltage-sensitive Na ϩ channels, voltage-sensitive Ca 2ϩ channels, and NMDA receptor channels, the cultured neurons were preincubated with HBSS containing an antagonist mixture [10 M tetrodotoxin, 50 M 2-amino-5-phosphonopentanoic acid (APV), and 100 M nifedipine]. After recording the basal fluorescence intensity for 1 min, 30 M AMPA was added to the cultured medium to stimulate the AMPA receptors. The obtained images were quantified for changes in fluorescence intensity within the cell.
Immunofluorescence staining. Cultured cortical neurons were fixed with 4% paraformaldehyde/4% sucrose for 10 min at room temperature and followed by permeabilization with 0.1% Triton X-100 for 20 min at room temperature. Primary rabbit anti-HA, anti-Hes-1, anti-GluR1 (Millipore Bioscience Research Reagents), anti-JNK1 (Tocris), and anti-PSD-95 (GeneTex) antibodies were added with 5% goat serum at 4°C overnight. Cy3 donkey anti-rabbit antibody (Jackson ImmunoResearch Laboratories) was incubated with these neurons for 1 h at room temperature.
Statistics. Data were analyzed with Student's t test (for two groups) or one-way ANOVA followed by post hoc Dunnett's t test (for comparisons between an experimental group and the common control group) or Newman-Keuls multiple comparisons (for comparisons between experimental groups).
Results
Hes-1 suppresses GluR1 promoter activity and GluR1 expression in primary cortical neurons Previous study has shown that Hes-5, another transcription repressor of the bHLH family, impairs contextual fear memory formation in rats (Lee et al., 2007) . This result suggests that the Hes family proteins may inhibit neuronal plasticity by suppressing the expression of downstream genes that enhance neuronal plasticity. However, GluR1 knock-out mice exhibit impaired contextual fear memory (Humeau et al., 2007) and impaired hippocampal LTP (Mack et al., 2001) . Further analysis of the rat GluR1 promoter revealed that it contains seven N-boxes (N1 to N7) (CACNAG or its reverse form CTNGTG) within a 2 kb length sequence (Ϫ1975 to ϩ8) as shown in Figure 1 A. We hypothesize that the Hes family proteins may downregulate GluR1 expression and GluR1-mediated neuronal plasticity through repressing GluR1 promoter activity. To examine whether these N-boxes play a role in repressing GluR1 promoter activity, we have cloned Ϫ1975/ϩ8 (containing seven N-boxes) rat GluR1 promoter to pGL3 luciferase reporter vector and transfected this promoter construct (GluR1-P) to primary cortical neurons at DIV7 to DIV9. Luciferase assay was performed 48 h later. Results revealed that transfection of GluR1-P showed ϳ10-fold higher luciferase activity than the pGL3 basic control (Fig. 1 B) (p Ͻ 0.001). Because both Hes-1 and Hes-5 were found to suppress downstream genes through binding to N-box (Sasai et al., 1992; Kageyama et al., 2005) , we next examined whether Hes-1 and Hes-5 suppress GluR1 promoter activity through binding to the GluR1 promoter. We have cotransfected Flag-Hes-1 plasmid and GluR1 promoter reporter plasmid to primary cortical neurons. Results revealed that transfection of Flag-Hes-1 (0.4 g) dramatically decreased GluR1 promoter activity compared with transfection of pGL3-GluR1 reporter plasmid alone (0.6 g) ( p Ͻ Figure 1 . Hes-1 suppresses GluR1 promoter activity and GluR1 expression in primary cortical neurons. A, Schematic diagram of the 2 kb rat GluR1 genomic DNA fragment consisting seven putative N-boxes (CACNAG or its reversed form CTNGTG). Ϫ1975 is relative to the translational start site (ϩ1). B, The Flag-Hes-1WT plasmid, its dominant-negative form Hes-1-43A44A47A, or Flag vector alone, and GluR1 promoter-luciferase plasmid (pGL3-GluR1-P) were cotransfected to primary cortical neurons, and GluR1 promoter activity was determined 48 h later. C, The Flag-Hes-1WT plasmid, Flag-Hes-5WT plasmid or Flag vector alone (0.4 g each), and GluR1 promoter-luciferase plasmid (pGL3-GluR1-P) (0.6 g) were cotransfected to primary cortical neurons, and GluR1 promoter activity was determined 48 h later. Renilla luciferase as used as an internal control. D, Different doses of Hes-1WT plasmid (0.1, 0.2, 0.4, 0.8 g) and GluR1 promoter construct were cotransfected to primary cortical neurons, and GluR1 reporter assay was performed 48 h later. E, Hes-1 siRNA (40 nM) or control siRNA was cotransfected with GluR1 promoter construct to primary cortical neurons and GluR1 reporter assay was performed 48 h later. Effectiveness of Hes-1 siRNA transfection was confirmed by Western blot. The Renilla signal was used as an internal control. Data are expressed as mean Ϯ SEM. Experiments are in duplicate or triplicate. F, Immunohistochemistry showing the colocalization of NeuN and Hes-1 as well as NeuN and GluR1 in primary cortical neurons. DAPI was used for nucleus staining. Scale bars: top, 15 m; bottom, 20 m. G, Western blot showing the nuclear and cytosol expression of JNK1 and Hes-1 in adult rat brain. H, Flag-Hes-1WT plasmid and GFP plasmid were cotransfected to primary cortical neurons at DIV6 and immunofluorescence staining for Hes-1 (red), GluR1 (red), and GFP (green) was performed on DIV8. Quantified results are shown on the right. Scale bar, 10 m. I, Hes-1 siRNA was cotransfected with GFP plasmid on DIV6, and immunofluorescence staining against Hes-1 (red), GluR1 (red), and GFP (green) was examined on DIV8. Quantified results are shown on the right. GFP transfection and staining was performed for identification of the transfected neuron. Scale bars: top, 20 m; bottom, 10 m. The number of cells ranged from 15 to 20 for each group. Data are expressed as mean Ϯ SEM.
# p Ͻ 0.001. 0.001). But when the pGL3-GluR1 reporter plasmid (0.6 g) was cotransfected with Flag-Hes-1-43A-44A-47A plasmid (0.4 g), the Hes-1 mutant that loses its DNA binding ability (Ström et al., 1997) , GluR1 promoter activity was no longer inhibited ( Fig. 1 B) ( p Ͻ 0.001). These results suggest that Hes-1 suppresses GluR1 promoter activity through binding DNA directly. In an additional experiment, we have transfected Flag-Hes-1 (0.4 g) and Flag-Hes-5 (0.4 g) to cultured cortical neurons individually. The result showed that Flag-Hes-5 also suppressed GluR1 promoter activity, but to a much lesser extent ( p Ͻ 0.001 compared with both the Flag group and the Flag-Hes-1 group) (Fig. 1C) . Thus, we have focused on Hes-1 in all future experiments. Next, we examined the dose-response effect of Flag-Hes-1 plasmid transfection on GluR1 promoter activity. Different concentrations of Flag-Hes-1 plasmid (0.1, 0.2, 0.4, and 0.8 g) and pGL3 GluR1 reported plasmid (0.6 g) were cotransfected to cultured cortical neurons. Results revealed a dose-dependent suppression of GluR1 promoter activity by Flag-Hes-1 transfection, and a concentration of Flag-Hes-1 as low as 0.1 g strongly suppressed GluR1 promoter activity ( Fig. 1 D) (p Ͻ 0.001 for all concentrations of the Hes-1 plasmid). This result suggests that Hes-1 is a dominant regulator of GluR1 promoter activity. Next, we transfected Hes-1 siRNA (40 nM) together with pGL3-GluR1 promoter plasmid (0.6 g) to cultured cortical neurons and have found that Hes-1 siRNA increased GluR1 promoter activity for ϳ3.7-fold when compared with the control siRNA ( Fig. 1 E) (p Ͻ 0.001). The effect of Hes-1 siRNA transfection in knocking down Hes-1 expression was confirmed by Western blot (Fig. 1 E) . This result further confirms that Hes-1 strongly and negatively regulates GluR1 promoter activity.
Next, we characterized the expression of Hes-1 and GluR1 in primary cortical neurons by immunofluorescence staining. Results revealed that both Hes-1 and GluR1 are expressed in neurons specifically, as confirmed by NeuN staining (Fig. 1 F) . Further Western blot analysis revealed that Hes-1 is specifically expressed in the nuclear fraction of adult cortical and hippocampal neurons (Fig. 1G ).
In the following experiments, we examined whether Hes-1 also regulates GluR1 protein expression. Flag-Hes-1 plasmid (0.8 g) and GFP construct (0.8 g) were cotransfected to cultured cortical neurons, and immunofluorescence staining for Hes-1 and GluR1 was performed 48 h later. Results revealed that the fluorescence intensity for Hes-1 is apparently much higher in a cell successfully transfected with Flag-Hes-1 compared with that of the neighboring GFP-negative cells (Fig. 1 H, top left) . However, in a cell successfully transfected with Flag-Hes-1, the fluorescence intensity for GluR1 is much lower than that of the neighboring GFP-negative cells ( Fig. 1 H, bottom left) . The quantified results are shown on the right ( p Ͻ 0.001 for both Hes-1 and GluR1). We next examined whether Hes-1 siRNA produces an opposite effect. Primary cortical neurons were cotransfected with Hes-1 siRNA (40 nM) and GFP construct (0.8 g), and immunofluorescence staining for Hes-1 and GluR1 was performed. Results revealed that a cell successfully transfected with Hes-1 siRNA showed reduced fluorescence intensity for Hes-1 compared with that of the neighboring GFP-negative cells ( Fig.  1 I, top left) . But for a cell successfully transfected with Hes-1 siRNA, the fluorescence intensity for GluR1 is higher than that of the neighboring GFP-negative cells ( Fig. 1 I, bottom left) . The quantified results are shown on the right ( p Ͻ 0.001 for both Hes-1 and GluR1). These results together suggest that Hes-1 negatively regulates GluR1 protein expression in cortical neurons.
DNA binding analysis for Hes-1 binding to GluR1 promoter
Hes-1 was reported to inhibit the promoter activity of target genes by directly binding to the N-box. For example, Hes-1 directly binds to the N-box on MAP2 promoter and inhibits its promoter activity in PC12 cells (Bhat et al., 2006) . Hes-1 was also found to negatively autoregulate Hes-1 promoter activity through binding to three N-boxes on its own promoter (Takebayashi et al., 1994) . In this experiment, we examined whether Hes-1 binds to the N-boxes on GluR1 promoter directly using EMSA. The His-Hes-1 fusion protein was expressed and purified from E. coli and mixed with various ␥-32 P-labeled N-box probes. Results revealed that His-Hes-1 bound the N2N3 probe in which N2 and N3 coexist in a 33 bp length probe (lane d), and it did not bind the N2mN3m double mutant probe (lane a) ( Fig. 2A) . The binding intensity was diminished for either single N-box mutant probe (N2mN3 or N2N3m) ( To know whether the endogenous Hes-1 protein binds to the endogenous GluR1 promoter in neurons, we have performed chromatin immunoprecipitation (ChIP) assay in cultured cortical neurons using Hes-1 antibody to immunoprecipitate the cell lysate followed by real-time PCR. Results revealed that the endogenous Hes-1 binds to GluR1 promoter in cortical neurons and this binding is confirmed by ChIP PCR and ChIP real-time PCR by using specific primer for the GluR1 promoter (Fig. 2C) .
Hes-1 suppresses GluR1 promoter activity through binding to N-boxes and through preventing the formation of the Mash1/ E47 heterodimer
The above results demonstrate that Hes-1 directly binds to all seven N-boxes on GluR1 promoter. In this experiment, we examined whether Hes-1 binding to these N-boxes actually suppresses GluR1 4 (Figure legend continued.) 50ϫ cold N2N3 competitor probe. Lanes f-h revealed that addition of 50ϫ mutant cold competitor (N2mN3, N2N3m, or N2mN3m) partially decreased the binding signal, but cold N2mN3m probe cannot abolish the signal from the hot N2N3 probe. His antibody caused supershift of the band in lane i (indicated by the top arrow), but control IgG had no such an effect (lane j). Lanes m-p showed the result of probe only. The binding signal for the His-Hes-1-probe complex is also shown (indicated by the bottom arrow). The capital letters at the bottom indicate the sequences for individual N-boxes. The quantified result of binding is shown at the bottom panel. B, EMSA assay of different N-probes that contain individual N-box were labeled with ␥-32 P. Sequences for each probe are shown at the bottom. The capital letters indicate the sequence for the N-box. Different N-probes were incubated with His-Hes-1 that is purified from E. coli. EMSA profile revealed that Hes-1 binds to all these N-boxes, and this binding was reversed by individual cold probe competition. The binding was further reversed by mutant cold probe competition. His antibody caused a supershift of the band (indicated by the top arrow). The binding signal for the His-Hes-1-probe complex is also shown (indicated by the bottom arrow). C, Results from ChIP assay followed by real-time PCR showing specific binding of endogenous Hes-1 to endogenous GluR1 promoter in cultured cortical neurons using the Hes-1 antibody and the primer for GluR1 promoter. Experiments are in duplicate (n ϭ 3 for each group). Data are expressed as mean Ϯ SEM.
# p Ͻ 0.001.
promoter activity. Wild-type pGL3-GluR1 promoter plasmid or various GluR1 promoter mutant plasmids (with each N-box been mutated individually) (0.6 g) were first transfected to cultured cortical neurons for luciferase assay. Results revealed that mutation of any single N-box (N1 to N7) of the GluR1 promoter significantly increased GluR1 promoter activity (2.7-to 4.5-fold) when compared with the wild-type control (p Ͻ 0.001 for N1 to N7 mutations when compared with the wild-type group). But mutation of all seven N-boxes (Nallm group) did not produce a further enhancing effect (Fig. 3A) . This result suggests that each N-box plays an important, and perhaps sufficient, role in suppressing GluR1 promoter activity. Next, we examined whether Hes-1 suppresses GluR1 promoter activity through binding to these N-boxes and whether each N-box contributes equally to the suppressing effect of Hes-1. Flag-Hes-1 plasmid or Flagvector plasmid (0.4 g) was cotransfected with the wild-type pGL3-GluR1 promoter plasmid or various GluR1 promoter mutant plasmids with mutation on each N-box individually (0.6 g) to cultured cortical neurons for GluR1 promoter activity determination. Results revealed that transfection of Flag-Hes-1 plasmid dramatically suppressed GluR1 promoter activity for ϳ24-fold (p Ͻ 0.001). But transfection of Flag-Hes-1 with any N-box-mutated-GluR1 promoter plasmid effectively reduced the suppressing effect of Flag-Hes-1 on GluR1 promoter activity to ϳ5-to 10-fold (p Ͻ 0.001 for N1 to N7 mutations when compared with the wildtypeϩFlag-Hes-1 group). (Fig. 3B) . These results suggest that Hes-1 suppressed GluR1 promoter activity through binding to these N-boxes and each N-box contributes similarly to this effect of Hes-1. In addition, Figure 3 . Hes-1 suppresses GluR1 promoter activity through binding to N-boxes and preventing Mash1/E47 from binding to E-boxes of the GluR1 promoter. A, Wild-type GluR1 promoter construct or various GluR1 promoter mutant constructs with each N-box mutated individually was transfected to primary cortical neurons, and GluR1 reporter assay was determined 48 h later. Nallm means all seven N-boxes were mutated. B, Flag-Hes-1WT plasmid (or Flag-vector) was cotransfected with GluR1WT promoter construct or various GluR1 promoter construct with mutation at each N-box to primary cortical neurons. GluR1 reporter assay was 4 determined 48 h later. C, Various combinations of the HisHes-1 plasmid, Flag-E47 plasmid, and Myc-Mash1 plasmid were cotransfected to cultured cortical neurons, and GluR1 promoter activity was determined 48 h later. The top right panel shows the relative position of each N-box and E-box on GluR1 promoter. D, The Myc-Mahs1, Flag-E47, and different GluR1 promoter plasmids were cotransfected to HEK293 cells followed by IP using the Flag antibody (or mouse IgG). The samples were then subjected to ChIP PCR and ChIP real-time PCR to show the direct binding of E47 to the E-box of GluR1 promoter. Nallm, All N-box mutated; Nallm-Eallm, all N-box and all E-box mutated. E, The same plasmids used in C were cotransfected to HEK293 cells for IP and IB experiments to show the association of E47 and Mash1, and prevention of this association by Hes-1. GluR1-P, GluR1 promoter. Experiments are in duplicate (n ϭ 3 for each group). Data are expressed as mean Ϯ SEM. *p Ͻ 0.05 and # p Ͻ 0.001; a compared with the Flag-Hes-1WT group.
cotransfection of Flag-Hes-1 with all N-box mutant GluR1 promoter plasmid did not produce a further decreasing effect (Fig. 3B) . This result suggests that mechanisms other than binding to N-boxes may also play a role in mediating the suppressing effect of Flag-Hes-1 on GluR1 promoter activity.
Hes-1 was found to downregulate target gene expression by preventing other bHLH factors, such as the Mash1/E47 heterodimer, from binding to the E-box (CANNTG) of the target gene (Sasai et al., 1992) . In analyzing the 2 kb rat GluR1 promoter, we found that there are four E-boxes and three of them (E1, E3, and E4) are conserved in rat and mouse (Fig. 3C, top  panel) . Mash1 is an important bHLH activator and Mash1, together with its cofactor E47, binding to E-box promotes neuronal differentiation (Ross et al., 2003) . Therefore, we also examined whether Hes-1 may suppress GluR1 promoter activity through preventing Mash1/E47 from binding to the E-box on GluR1 promoter. The pGL3-GluR1 promoter plasmid was cotransfected with various combinations of Myc-Mash1, Flag-E47, and HisHes-1 plasmids (0.4 g each) to cultured cortical neurons and GluR1 promoter activity was determined. Results revealed that transfection of His-Hes-1 decreased GluR1 promoter activity for ϳ90% ( p Ͻ 0.001). Transfection of Myc-Mash1 increased GluR1 promoter activity for ϳ1.6-fold ( p Ͻ 0.05) and transfection of Flag-E47 increased GluR1 promoter activity for ϳ2.1-fold ( p Ͻ 0.001). Cotransfection of Myc-Mash1 and Flag-E47 produced a synergistic effect in enhancing GluR1 promoter activity (for approximately fivefold; p Ͻ 0.001 compared with the MycMash1 group and Flag-E47 group alone), but this effect was completely blocked by cotransfection with His-Hes-1 ( p Ͻ 0.001 compared with the Myc-Mash1 plus Flag-E47 cotransfection group) (Fig. 3C) .
Next, we examined whether the Mash1/E47 complex directly binds to the E-box of GluR1 promoter. The Myc-Mash1 and Flag-E47 plasmids together with different GluR1 promoter plasmids (WT, all N-box-mutated and all N-box-and all E-boxmutated) were cotransfected to HEK293 cells. The cell lysate was immunoprecipitated with the Flag antibody and subjected to ChIP PCR using the GluR1 promoter primers. Results from both ChIP PCR and ChIP real-time PCR revealed that E47 directly binds to the E-box, but not N-box, of the GluR1 promoter (Fig.  3D) . Further coimmunoprecipitation (co-IP) experiment revealed that E47 is associated with Mash1, but transfection of HisHes-1 disrupted this association (Fig. 3E) . These results together suggest that Hes-1 strongly and negatively regulates GluR1 promoter activity through directly binding to the N-boxes and through preventing the association of Mash1 and E47, and preventing the Mash1/E47 complex from binding to the E-boxes on GluR1 promoter. These results also explain the residual repression observed in all N-box-mutated group (Nallm) in Figure 3B .
Expression of Hes-1 and GluR1 is regulated by JNK signaling but not Notch signaling in primary cortical neurons Hes-1 is an effector of Notch signaling that controls stem cell differentiation (Kageyama et al., 2005) . When Notch is activated by its ligands expressed in neighboring cells, the intracellular domain of Notch (NICD) is cleaved by ␥-secretase and translocated to the nucleus to form complex with RBP-J to induce Hes-1 expression (Kageyama and Ohtsuka, 1999) . In this series of experiments, we first investigated whether Notch upregulates Hes-1 expression in differentiated cortical neurons. The ␥-secretase inhibitor, DAPT (1 and 10 M), was added to the culture medium, and the expression level of NICD, Hes-1, and GluR1 was examined by Western blot 48 h later. Results revealed that DAPT effectively inhibited the expression of NICD, but it did not alter the expression of Hes-1 and GluR1 (Fig. 4 A) . This result suggests that Hes-1 and GluR1 expression is not regulated by Notch signaling in cortical neurons. We then studied the possible upstream molecule that regulates Hes-1 and GluR1. The inhibitors for various protein kinases were added to the culture medium, and Hes-1 expression was examined 18 h later. These inhibitors include LY294002 (50 M; PI3-K inhibitor), PD98059 (50 M; ERK/ MAPK inhibitor), SB203580 (20 M; p38 MAPK inhibitor), and SP600125 (25 M; JNK inhibitor). DAPT (10 M) was used as a negative control. Results revealed that SP600125 is the only inhibitor that affects Hes-1 expression ( p Ͻ 0.001 compared with the DMSO control group) (Fig. 4 B) . Further analysis indicated that SP600125 decreased the expression of Hes-1, but increased the expression of GluR1 ( p Ͻ 0.01) (Fig. 4 B, bottom right  panel) . Together with our previous finding that Hes-1 siRNA transfection enhanced the fluorescence intensity of GluR1 in cultured cortical neurons (Fig. 1 H) , these results suggest that JNK signaling may downregulate GluR1 expression through enhanced expression of Hes-1.
We next examined whether JNK signaling regulates GluR1 transcription. Anisomycin (100 ng/ml), used as a JNK activator (Iordanov et al., 1997; Fosbrink et al., 2010) , was added to cultured cortical neurons, and GluR1 mRNA level was determined at different time points by real-time PCR. Results revealed that anisomycin decreased GluR1 mRNA level in a time-dependent manner, with the 4 and 18 h time points showing the most apparent effect ( p Ͻ 0.01), but this effect was similarly blocked by coadministration of SP600125 ( p Ͻ 0.001 compared with the corresponding anisomycin-alone group) (Fig. 4C) . We also examined the time course effect of anisomycin on Hes-1 and GluR1 protein expression. Meanwhile, its effect on JNK activation was also determined. Results revealed that anisomycin decreased GluR1 protein level at 18 h later, but not at other time points (p Ͻ 0.001). Anisomycin also increased Hes-1 protein level in a timedependent manner starting at 2 h and lasted up to 18 h ( p Ͻ 0.001). The effect of anisomycin on JNK activation was confirmed by an apparent increase in the level of JNK phosphorylation at Thr-183 and Thr-185. All of these effects were blocked by coadministration of the JNK inhibitor SP600125 ( p Ͻ 0.001 compared with the corresponding anisomycin group) (Fig. 4 D) . Although the effect of anisomycin on JNK activation lasted for Ͻ4 h, this time period is long enough for a kinase to transduce its downstream signaling.
In a separate experiment, we have used another JNK activator H 2 O 2 to address the same issue. Results revealed that H 2 O 2 (100 M) treatment produced a similar effect on Hes-1 and GluR1 expression to that of anisomycin ( p Ͻ 0.01 for Hes-1 at 2, 4, and 18 h, and p Ͻ 0.001 for GluR1 at 18 h), and these effects were also blocked by SP600125 cotreatment ( p Ͻ 0.001 compared with the corresponding H 2 O 2 group at 4 or 18 h) (Fig.  4 E) . These results together indicated that JNK activation decreased GluR1 mRNA and protein expression associated with increased Hes-1 expression.
JNK1 decreases GluR1 promoter activity and GluR1 expression through the mediation of Hes-1 in cultured cortical neurons
The above results demonstrated that activation of JNK signaling decreased GluR1 expression associated with increased Hes-1 expression. We also examined whether JNK suppresses GluR1 promoter activity and whether this is mediated through Hes-1. The HA-JNK1 plasmid or two sh-JNK1 plasmids, alone or together with Hes-1 siRNA, were transfected to cultured cortical neurons, and their effects on GluR1 promoter activity were determined 24 h later. Results revealed that JNK1 decreased GluR1 promoter activity, whereas both sh-JNK1-1 and sh-JNK1-2 increased GluR1 promoter activity ( p Ͻ 0.01 or p Ͻ 0.001). Transfection of Hes-1 siRNA significantly increased GluR1 promoter activity ( p Ͻ 0.001). But the decreasing effect of JNK1 on GluR1 promoter activity was completely blocked by Hes-1 siRNA cotransfection ( p Ͻ 0.001 compared with the HA-JNK1 group) (Fig.  5A ). The effectiveness of both sh-JNK1 transfection in knocking down JNK1 expression and reducing Hes-1 expression is confirmed in Neuro2A cells ( p Ͻ 0.001) (Fig. 5B) . Next, we examined whether JNK1 decreases GluR1 protein expression in cortical neurons. Here, we used JNK overexpression instead of anisomycin to activate JNK because, by using overexpression, we could identify individual neurons clearly and quantify the fluorescence intensity whereas anisomycin would cause a massive elevation in fluorescence intensity in all cells. HA-JNK1 plasmid (0.8 g) and GFP construct (0.8 g) were cotransfected to cultured cortical neurons and immunofluorescence staining for JNK1 and GluR1 was performed 48 h later. Results revealed that the fluorescence intensity for JNK1 is apparently higher for a cell successfully transfected with HA-JNK1 compared with that of the neighboring GFP-negative cells (Fig.  6 A, top left) . But for a cell successfully transfected with HA-JNK1, the fluorescence intensity for GluR1 is lower than that of the neighboring GFP-negative cells (Fig. 6 A, bottom left) . The quantified result is shown on the right ( p Ͻ 0.001).
Next, we examined whether Hes-1 siRNA blocks the suppressing effect of JNK1 on GluR1 expression. HA-JNK1 plasmid (0.8 g), GFP construct (0.8 g), and 40 nM Hes-1 siRNA (or control siRNA) were cotransfected to cultured cortical neurons, and immunofluorescence staining for GluR1 was performed 48 h later. Results revealed that, for a cell successfully transfected with HA-JNK1 and Hes-1 siRNA (Fig. 6 B, bottom left) , the fluorescence intensity for GluR1 is apparently higher than that of a cell transfected with HA-JNK1 and control siRNA (Fig. 6 B, top left) under the circumstance that the fluorescence intensity for GluR1 in non-GFP positive cells are similar in both panels. The quantified result is shown on the right ( p Ͻ 0.001 for comparison between JNK1 group with control group and p Ͻ 0.001 for comparison between JNK1 plus Hes-1 siRNA group with control group). This result suggests that the suppressing effect of JNK1 on GluR1 expression is blocked by Hes-1 siRNA cotransfection.
In addition, we examined whether both sh-JNK1 plasmids decreased GluR1 expression. sh-JNK1-1 (0.8 g) and the GFP construct (0.8 g) were cotransfected to cultured cortical neurons, and immunofluorescence staining for JNK1 and GluR1 was performed 48 h later. Results revealed that, for a cell successfully transfected with sh-JNK1-1, the fluorescence intensity for JNK-1 is much lower compared with that of the neighboring GFPnegative cells (Fig. 6C, top left) . However, the fluorescence intensity for GluR1 is apparently higher for cells successfully transfected with sh-JNK1-1 compared with that of the neighboring GFP-negative cells (Fig. 6C, bottom left) . Similar results were obtained with sh-JNK1-2 transfection (Fig. 6 D) . The quantified result is shown on the right ( p Ͻ 0.001 for both sh-JNK1 groups compared with the control group for JNK1 and for GluR1). These results together suggest that JNK1 negatively regulates GluR1 expression through the mediation of Hes-1 in cultured cortical neurons.
In separate sets of cortical cultures, we have further used the anti-HA antibody to stain JNK1 and have confirmed that the GFP-stained cell is actually the HA-stained cell (Fig. 6 E) . Similar experiment was performed with sh-JNK1 transfection using both GFP staining and anti-JNK1 antibody. Result revealed that both staining represents the same cell (Fig. 6 F) . These results verify that JNK1 indeed regulates GluR1 expression in the same neurons.
JNK1 stabilizes the Hes-1 protein
The above results demonstrated that JNK1 activation positively regulates Hes-1 protein expression. But the mechanism underlying JNK1 regulation of Hes-1 is not known. This issue was examined here. We first conducted a time course experiment to study the effect of JNK1 activation by low dose of anisomycin (100 ng/ml) on Hes-1 mRNA expression. Results revealed that aniso- A, HA-JNK1 plasmid and GFP plasmid were cotransfected to cultured cortical neurons, and immunofluorescence staining for JNK1 (red), GluR1 (red), and GFP (green) was examined. Scale bar, 10 m. The quantified result is shown on the right. B, HA-JNK1 plasmid, GFP plasmid, and Hes-1 siRNA (or control siRNA) were cotransfected to cultured cortical neurons, and immunofluorescence staining for GluR1 (red) and GFP (green) was examined. Scale bars: top, 10 m; bottom, 20 m. The quantified result is shown on the right. C, sh-JNK1 plasmid and GFP plasmid were cotransfected to cultured cortical neurons, and immunofluorescence staining for JNK1 (red), GluR1 (red), and GFP (green) was examined. D, This experiment is the same as the above one except that the role of sh-JNK1-2 was examined. The quantified results are shown on the right. E, HA-JNK1 plasmid and GFP plasmid were cotransfected to cultured cortical neurons and antibodies against GFP, HA, and GluR1 were used for immunofluorescence staining. These antibodies indeed stain the same neuron. F, The GFP-tagged sh-JNK1-2 plasmid was transfected to cultured cortical neurons, and antibodies against GFP, JNK1, and GluR1 were used for immunofluorescence staining. These antibodies indeed stain the same neuron. GFP transfection and staining were performed for identification of the transfected neuron. Scale bar, 20 m. The number of cells ranged from 15 to 20 for each group. Data are expressed as mean Ϯ SEM.
mycin enhanced Hes-1 mRNA expression 1 h later ( p Ͻ 0.001). But unlike the effect of anisomycin on Hes-1 protein expression (Fig. 4 D) , anisomycin dramatically decreased Hes-1 mRNA level since 2 h later and it lasted up to 18 h ( p Ͻ 0.05 or p Ͻ 0.001).
Coadministration of the JNK1 inhibitor SP600125 not only blocked the effect of anisomycin but also increased Hes-1 mRNA level in a timedependent manner ( Fig. 7A) plasmid and the HA-JNK1WT plasmid (or the control plasmid) to HEK293 cells with the addition of the translation inhibitor cycloheximide at 20 g/ml. Low concentration of anisomycin (100 ng/ml) was also added to activate JNK1. The expression of Hes-1, JNK1, and phospho (p)-JNK1 was examined. Results revealed that Hes-1 protein level gradually decreased over time after blockade of protein translation, but its expression level was higher and stayed longer after HA-JNK1WT cotransfection (Fig. 7B) . The quantitative result for Hes-1 expression at each time point is shown in Figure 7C , left (p Ͻ 0.05 or p Ͻ 0.001 for various time points). The degradation rate of the Hes-1 protein level over time is shown in Figure  7C , right. To compare the degradation rate of Hes-1 over time between these two groups, data were normalized to 100% at time 0 for both groups. These results revealed that the Hes-1 protein level gradually decreased over time in control group, but it decreased more slowly in HA-JNK1-cotransfected group (Fig. 7C ). Meanwhile, the phosphorylation level of JNK1 was increased and lasted up to 8 h after HA-JNK1WT transfection (Fig. 7B) . The quantitative result for p-JNK1 level at each time point is shown in Figure 7D , left ( p Ͻ 0.01 or p Ͻ 0.001 for various time points). Similarly, for the purpose of comparison of p-JNK1 level over time between these two groups, data were normalized to 100% at time 0 for both groups. The normalized result showed that the p-JNK1 level gradually decreased overtime in Flag-Hes-1WT group, but it decreased more slowly in HA-JNK1-cotransfected group (Fig. 7D, right) . Transfection of HA-JNK1WT was confirmed by Western blot against the HA tag (Fig. 7B) . These results together suggest that JNK1 increased the expression of Hes-1 possibly due to JNK1 stabilization of Hes-1.
JNK1 interacts with Hes-1 and phosphorylates Hes-1 at Ser-263 in vitro and in vivo
The above results demonstrated that JNK1 stabilizes the Hes-1 protein, but how JNK1 stabilizes Hes-1 is not known and was examined here. We first studied whether JNK1 is associated with Hes-1. Flag-JNK1 and His-Hes-1 plasmids were cotransfected to HEK293 cells. Co-IPs of Flag and Western blot were performed. Results revealed that JNK1 interacts with Hes-1 and vice versa (Fig. 8 A) . Next, we examined whether Hes-1 is a substrate for JNK1. The result of in vitro kinase for several candidate phosphorylation sites on Hes-1 for JNK1 was shown in Figure 8 B. The result suggests that JNK1 may directly phosphorylate Hes-1 at Ser-263. To confirm this result, we have synthesized the phospho-263 Hes-1 peptide as the antigen and raised antibody against this residue to perform additional in vitro kinase assay and Western blot experiments. The result revealed that JNK1 consistently phosphorylates Hes-1 at Ser-263, and this phosphorylation was confirmed by Western blot when the pSer-263 antibody was used (Fig. 8C) .
Next, we examined whether JNK1 phosphorylates Hes-1 in vivo. HA-JNK1 and Flag-Hes-1 plasmids were cotransfected to HEK293 cells. Anisomycin (20 g/ml) was added to activate JNK signaling and also inhibit endogenous translation of the Hes-1 protein (Frey et al., 1988) . The result revealed that JNK1 phosphorylates Hes-1 at Ser-263 in HEK293 cells, and this effect lasted up to 8 h (Fig. 8D) . The quantitative result of pSer-263 Hes-1 level at each time point is shown on the left (Fig. 8D , bottom panel) (p Ͻ 0.05, p Ͻ 0.01, or p Ͻ 0.001 for different time points). The normalized pS263 Hes-1 level over time is shown on the right (Fig. 8 D, bottom panel) . These results indicated that transfection of HA-JNK1 slowed down the degradation rate of the Hes-1 protein.
Last, we examined whether JNK1 enhances the phosphorylation of Hes-1 in cortical neurons and whether this affects the expression of Hes-1 and GluR1. A low dose of anisomycin (100 ng/ml) was used to activate JNK1, and the expression of pS263-Hes-1, p-JNK1, Hes-1, and GluR1 was examined by Western blot. Quantitative results revealed that JNK1 activation increased the phosphorylation level of Ser-263 Hes-1 and JNK1 over a wide time range examined ( p Ͻ 0.05, p Ͻ 0.01, or p Ͻ 0.001 for different time points). JNK1 activation also increased the expression of Hes-1 and stabilized Hes-1 over time, but it decreased the expression of GluR1 in cortical neurons ( p Ͻ 0.01 for 4 and 18 h) (Fig. 8 E) . These results together suggest that JNK1 phosphorylates Hes-1 at Ser-263 and stabilizes Hes-1, and this is associated with decreased GluR1 expression.
JNK1 stabilizes Hes-1 through phosphorylation of Hes-1 at Ser-263
The above results suggest that JNK1 phosphorylates Hes-1 and stabilizes Hes-1, but it is not known whether JNK1 phosphorylation of Hes-1 mediates this effect. This issue was examined here. Flag-Hes-1WT plasmid or Flag-Hes-1S263A mutant plasmid (0.2 g each) was transfected to HEK293 cells. Anisomycin (100 ng/ml) was added to the cell to activate JNK1, and cycloheximide (20 g/ml) was added to inhibit translation. The expression of Hes-1 and its degradation rate over time (Hes-1 protein level over that of the corresponding control group at each time point) was examined by Western blot. The quantitative results for Hes-1 expression at each time point is shown in Figure 9A , bottom left. The normalized degradation rate of the Hes-1 protein over time is shown in Figure 9A , bottom right. These results showed that Hes-1 protein level gradually decreased over time, but Hes-1S263A protein level decreased more rapidly than the Hes-1WT protein (Fig. 9A , bottom panels) ( p Ͻ 0.05 or p Ͻ 0.01 for various time points). The effectiveness of Hes-1WT transfection was confirmed by an apparent increase in Hes-1 protein level comparing the two control (DMSO) groups. The effectiveness of Hes-1S263A transfection was confirmed by an apparent loss of pS263-Hes-1 protein expression (Fig. 9A, top panel) . This result suggests that Hes-1 phosphorylation at Ser-263 stabilizes Hes-1.
Next, we examined whether inactivation of JNK1 reduced the phosphorylation of Hes-1 at Ser-263 and decreased the stability of Hes-1. The Flag-Hes-1WT plasmid was transfected to HEK293 cells (0.2 g), and SP600125 (25 M) was added to the cell 24 h later. Anisomycin (100 ng/ml) was added to activate JNK1, and cycloheximide (20 g/ml) was added to inhibit translation. The control group received DMSO treatment. Results revealed that SP600125 apparently decreased the phosphorylation level of Hes-1 at Ser-263 (Fig. 9B, top panel) . The quantitative result for Hes-1 expression at each time point is shown in Figure 9B , bottom left. The normalized degradation rate of the Hes-1 protein over time is shown in Figure 9B , bottom right. These results revealed that SP600125 decreased Hes-1 expression and accelerated the degradation rate of the Hes-1 protein (Fig. 9B , bottom panels) ( p Ͻ 0.05, p Ͻ 0.01, or p Ͻ 0.001 for various time points). However, the degradation rate for Hes-1 becomes similar when SP600125 (25 M) was added to either Flag-Hes-1WT-transfected or Flag-Hes-1S263A-transfected HEK293 cells because JNK1 activity was inhibited by SP600125 ( Fig. 9C ) (p Ͼ 0.05 except at 2 h). These results together suggest that JNK1 phosphorylation of Hes-1 at Ser-263 plays an important role in stabilization of the Hes-1 protein.
JNK decreases GluR1 expression at the synapse through the mediation of Hes-1
The above results demonstrated that JNK1 negatively regulates GluR1 expression in cultured cortical neurons through the mediation of Hes-1. But all these results were obtained on the soma, whereas GluR1 plays an important role in synaptic plasticity; one would expect that the same results should occur at the synapse. In this experiment, we examined whether the same regulation mechanisms for GluR1 expression also take place at synapses. Anisomycin and SP600125 were added to cultured cortical neurons to activate and to inhibit JNK activity, respectively. Eighteen hours later, cultured cortical neurons were separated to different fractions, including total lysate, S2 fraction, and P2 fraction according to the method of Gurd et al. (1974) with some modifications. A representative gel pattern is shown in Figure 10 A, left. Quantitative analysis revealed that anisomycin decreased GluR1 expression ( p Ͻ 0.01), whereas SP600125 increased GluR1 expression ( p Ͻ 0.05) in P2 fraction. But the suppressing effect of anisomycin on GluR1 expression is blocked by SP600125 cotreatment ( p Ͻ 0.001 compared with the anisomycin group) (Fig.  10 A, right) . Western blotting of SNAP-25 (a presynaptic marker) and PSD-95 (a postsynaptic marker) was performed to verify the P2 fraction preparation. GluR1, SNAP-25, and PSD-95 were not present in the S2 fraction.
In the next experiment, we examined the effect of Hes-1 plasmid transfection and Hes-1 siRNA transfection on GluR1 expression at synapse. Because the transfection efficiency is low in cultured neurons, in this experiment and the following experiment, plasmid DNA and Hes-1 siRNA were transfected to rat hippocampal CA1 area in vivo. Rats were cannulated in CA1 area bilaterally. Plasmid DNA was diluted in 5% glucose to a stock concentration of 2.77 g/l. Branched polyethyleneimine (PEI) of 25 kDa (SigmaAldrich), used as the nonviral transfection reagent (Tai et al., 2011) , was diluted to 0.1 M concentration in 5% glucose and added to the DNA solution [PEI (0.45 l)/DNA (0.55 l)]. Immediately before injection, 0.1 M PEI was added to reach a ratio of PEI nitrogen per DNA phosphate equals to 10. For Hes-1 siRNA transfection, Hes-1 siRNA was diluted in distilled water to a stock concentration of 20 M. PEI was diluted to 0.1 M concentration in 5% glucose and mixed with Hes-1 siRNA [PEI (0.5 l)/Hes-1 siRNA (0.5 l)]. The CA1 tissue was punched out 48 h after transfection and the P2 fraction was prepared in the same way. A representative gel pattern is shown in Figure 10B , left. Quantitative analysis revealed that Hes-1WT plasmid transfection decreased GluR1 expression (p Ͻ 0.01), but Hes-1 siRNA transfection increased GluR1 expression (p Ͻ 0.05) in P2 fraction of the CA1 tissue (Fig. 10B, right) . . The Hes-1 wild-type protein and mutant proteins (mutated at the above residues individually) purified from E. coli. were subjected to in vitro kinase assay for JNK1. C, In vitro kinase assay for JNK1 phosphorylation of Hes-1 at Ser-263 was performed and confirmed by Western blot using phospho-Ser-263-specific antibody. Sequences of antigen peptide from rat, mouse, and human containing Ser-263 (which is conserved) are shown (left). D, Flag-Hes-1WT plasmid and HA-JNK1 plasmid (or control plasmid) were cotransfected to HEK293 cells with 20 g/ml anisomycin added to both activate JNK1 and inhibit translation. Quantitative result for pS263 Hes-1 expression at each time point is shown on the bottom left panel. The normalized pS263 Hes-1 level over time is shown on the bottom right panel. E, Anisomycin at 100 ng/ml (used to activate JNK) was applied to cultured cortical neurons, and its effect on the expression of GluR1, Hes-1, pS263 Hes-1, and p-JNK1 at different time points is shown. The quantitative results are shown on the right. P (in circle), Phosphorylation; IB, immunoblot. Experiments are in duplicate (n ϭ 3 for each group). Data are expressed as mean Ϯ SEM. *p Ͻ 0.05, **p Ͻ 0.01, and # p Ͻ 0.001.
Next, we examined whether the suppressing effect of JNK1 on GluR1 expression at synapses is mediated through JNK1 phosphorylation of Hes-1 at Ser-263. The JNK1 plasmid was transfected to the CA1 area, alone or in combination with the Hes-1 plasmid or Hes-1S263A plasmid. Western blot was performed 48 h after transfection. A representative gel pattern is shown in Figure 10C , left. Quantitative analysis revealed that JNK1 consistently suppressed GluR1 expression in P2 fraction (p Ͻ 0.001). This effect was further potentiated by Hes-1WT plasmid cotransfection (p Ͻ 0.001 compared with the JNK1 group), but Hes-1S263A cotransfection reversed this effect (p Ͻ 0.01 compared with JNK1 plus Hes-1 group) (Fig. 10C, right) . SNAP-25 and PSD-95 were used as presynaptic and postsynaptic markers, respectively. Coimmunoprecipitation and Western blot experiments were performed to confirm the transfection and expression of JNK1 and Hes-1 (or Hes-1S263A) in CA1 area for the above experiments (Fig. 10D) .
The above results showed that JNK1 regulates GluR1 expression at synapse. In this experiment, we further examined whether JNK1 regulates GluR1 expression on postsynaptic membrane and whether this is also mediated through Hes-1. Various plasmids and Hes-1 siRNA were transfected to cultured cortical neurons, and the expression of GluR1 on dendrites was examined by immunofluorescence staining. Immunofluorescence staining of PSD-95 was used as the marker for postsynaptic dendrites. Only GluR1 expression that is colocalized with PSD-95 expression was taken for quantification. Results from Figure 11 , A and B, revealed that transfection of Flag-GluR1 plasmid markedly increased GluR1 fluorescence intensity on dendrites (p Ͻ 0.001), whereas transfection of sh-GluR1 markedly decreased GluR1 fluorescence intensity on dendrites (p Ͻ 0.001), respectively. Images at a higher magnification from the selected rectangular areas are shown at the bottom panels.
Next, we examined the effect of Hes-1 on GluR1 expression. Results revealed that transfection of Flag-Hes-1 plasmid decreased GluR1 fluorescence intensity on dendrites in cultured cortical neurons ( p Ͻ 0.001). Images at a higher magnification are shown at the bottom panels (Fig. 11C) . Next, we examined the effect of JNK1 on GluR1 expression on dendrites. HA-JNK1 plasmid or sh-JNK1 was transfected to cultured cortical neurons. Results from Figure 11D revealed that transfection of HA-JNK1 decreased GluR1 fluorescence intensity on dendrites (p Ͻ 0.001), but transfection of sh-JNK1 increased GluR1 fluorescence intensity on dendrites (p Ͻ 0.001) (Fig. 11E ). Images at a higher magnification are shown at the bottom panels. Last, we examined whether JNK1 suppressed the expression of GluR1 on dendrites through the mediation of Hes-1. HA-JNK1 was transfected alone, or together with Hes-1 siRNA to cultured cortical neurons. Results revealed that transfection of HA-JNK1 consistently decreased GluR1 fluorescence intensity on dendrites (p Ͻ 0.001), but this suppressing effect of HA-JNK1 was blocked by cotransfection with Hes-1 siRNA (p Ͻ 0.001 comparing the HA-JNK1 plus Hes-1 siRNA group with HA-JNK1 group) (Fig. 11F ). Images at a higher magnification are shown at the bottom panels. Only images for the control group and the HA-JNK1 plus Hes-1 siRNA group are shown.
JNK1 decreases AMPA-evoked calcium influx through the mediation of Hes-1 and through Hes-1 phosphorylation at Ser-263
The above results demonstrated that JNK1 suppressed GluR1 promoter activity through JNK1 phosphorylation of Hes-1 at Ser-263 and, consequently, the stabilization of Hes-1. In this series of experiments, we examined the physiological significance of this signaling pathway involved in calcium influx in cultured cortical neurons. The Fluo-4 AM dye was used as a marker for visualization of the calcium image, and the Fluo-4 AM fluorescence intensity is proportional to the concentration of calcium in the cell. For each culture well, 50 M APV was added to block the NDMA receptor and 100 M nifedipine was added to block calcium channel so that the effect of exogenously applied AMPA could be observed. In the first experiment, AMPA (30 M) was added to the culture medium to induce calcium influx, and the fluorescence intensity for calcium was measured before and at various time points after AMPA treatment. Results revealed that application of AMPA induced a rapid and apparent increase (ϳ2.25-fold) in calcium influx. The maximum effect was observed at 30 s, and it gradually declined thereafter (Fig. 12 A) . The representative fluorescence images are shown in the top panel of Figure 12 B. Results revealed that the fluorescence intensity for calcium is apparently higher at 30 s after AMPA treatment compared with that at the basal level. But this effect of AMPA was blocked after coadministration of the AMPA receptor antagonist NBQX (20 M) (Fig. 12 B,  bottom panel) .
Next, we examined the roles of GluR1 and Hes-1 involved in calcium influx. Various HA-or Flag-tagged plasmids (0.6 g) and/or siRNAs (40 nM) together with the pCMV-DsRED plasmid (0.6 g) were cotransfected to cultured cortical neurons and their effects on fluorescence intensity of calcium were measured. Control groups received vector plasmid transfection and/or control siRNA transfection. Cells that showed orange color in the merged images are cells successfully transfected with the plasmid and/or siRNA. Figure 10 . JNK decreases GluR1 expression at the synapse through the mediation of Hes-1. A, Anisomycin at 100 ng/ml (used as a JNK activator), alone or together with SP600125 (25 M), a JNK inhibitor, was applied to cultured cortical neurons. Total lysate, S2 fraction, and P2 fraction were prepared, and GluR1 expression was determined by Western blot. SNAP-25 and PSD-95 were used as presynaptic and postsynaptic markers, respectively. Ani, Anisomycin; SP, SP600125. B, Flag-Hes-1WT plasmid or Hes-1 siRNA was transfected to rat hippocampal CA1 area directly. Total lysate, S2 and P2 fractions from CA1 tissues were prepared 48 h after transfection for Western blot analysis of Hes-1 and GluR1 expression. C, GFP-JNK1 plasmid was cotransfected with Flag-Hes-1WT plasmid or Flag-Hes-1S263A mutant plasmid to rat CA1 area. Total lysate, S2 and P2 fractions from CA1 tissues were prepared 48 h after transfection for Western blot determination of GluR1 expression. SNAP-25 and PSD-95 were used as presynaptic and postsynaptic markers, respectively. D, Coimmunoprecipitation and immunoblotting experiment was performed to confirm the transfection and expression of plasmid DNA in rat CA1 area. Data are expressed as mean Ϯ SEM. Experiments are in triplicate (n ϭ 3 for each group). *p Ͻ 0.05, **p Ͻ 0.01, and # p Ͻ 0.001. Figure 11 . JNK1 decreases GluR1 expression at synaptic membrane through Hes-1. A, Flag-GluR1 plasmid and GFP plasmid were cotransfected to cultured cortical neurons and immunofluorescence staining for GluR1 (red), PSD-95 (blue), and GFP (green) was examined. The quantified result is shown on the right. B, sh-GluR1 plasmid and GFP plasmid were cotransfected to cultured cortical neurons, and immunofluorescence staining for GluR1 (red), PSD-95 (blue), and GFP (green) was examined. The quantified result is shown on the right. C, Flag-Hes-1 plasmid and GFP plasmid were cotransfected to cultured cortical neurons and immunofluorescence staining for GluR1 (red), PSD-95 (blue), and GFP (green) was examined. The quantified result is shown on the right. D, HA-JNK1 plasmid and GFP plasmid were cotransfected to cultured cortical neurons, and immunofluorescence staining for GluR1 (red), PSD-95 (blue), and GFP (green) was examined. The quantified result is shown on the right. E, sh-JNK1 plasmid and GFP plasmid were cotransfected to cultured cortical neurons, and immunofluorescence staining for GluR1 (red), PSD-95 (blue), and GFP (green) was examined. The quantified result is shown on the right. F, HA-JNK1 plasmid, GFP plasmid, and Hes-1 siRNA were cotransfected to cultured cortical neurons, and immunofluorescence staining for GluR1 (red), PSD-95 (blue), and GFP (green) was examined. The quantified result is shown on the right. The yellow rectangular area selected from a transfected neuron and the blue rectangular area selected from a neighboring nontransfected neuron were enlarged at the bottom panels for better visualization of GluR1 (red) and PSD-95 (blue) on dendrites at a higher magnification. GFP transfection and staining was performed for identification of the transfected neuron. Representative images for all the transfections are shown in Figure 12C , and the successfully transfected cell is indicated by an arrow. Results revealed that cells transfected with GluR1 siRNA showed reduced fluorescence intensity compared with that of the neighboring cells (Fig. 12C, top panel) . The cell transfected with Hes-1WT plasmid also showed decreased fluorescence intensity (Fig. 12C, second panel) . The fluorescence intensity for cells transfected with Hes-1S263A is higher than that of Hes-1WT-transfected cell (with the fluorescence intensity of the corresponding neighboring cells is similar) (Fig. 12C, middle panel) . But for the cell transfected with Hes-1 siRNA, the fluorescence intensity was higher compared with that of the neighboring cells (Fig. 12C, fourth panel) . Furthermore, the enhancing effect of Hes-1 siRNA on calcium fluorescence intensity was blocked when GluR1 siRNA was cotransfected (Fig. 12C, bottom  panel) . The quantification results are summarized in Figure 12 E ( p Ͻ 0.05, p Ͻ 0.01, or p Ͻ 0.001 for various comparisons).
In the second series of experiments, we examined the roles of JNK1 and Hes-1 involved in calcium influx. The result showed that, for the cell successfully transfected with the JNK1 plasmid, the fluorescence intensity was lower compared with that of the neighboring cells (Fig. 12D,  top panel) . But for the cell transfected with sh-JNK1, the fluorescence intensity was higher than that of the neighboring cells (Fig. 12D, second panel) . However, this effect of sh-JNK1 was blocked when sh-JNK1 was cotransfected with the Hes-1WT plasmid (Fig. 12D, middle panel) . In addition, the decreasing effect of JNK1 on calcium fluorescence intensity was blocked when Hes-1 siRNA was cotransfected (Fig. 12D,  fourth panel) . Conversely, the enhancing effect of sh-JNK1 on calcium fluorescence intensity was also blocked when GluR1 siRNA was transfected (Fig. 12D, bottom panel) . The quantification results are summarized in Figure 12E (p Ͻ 0.05, p Ͻ 0.01, or p Ͻ 0.001 for various comparisons).
Discussion
The GluR1 subunit of AMPA receptor is believed to play an important role in synaptic function (Mack et al., 2001; Schmitt et al., 2005) . GluR1 expression is particularly important for the expression of LTP (Zamanillo et al., 1999) . But most research studied the phosphorylation and trafficking of GluR1 involved in synaptic function; relatively less is known about the regulation mechanism for GluR1 expression. In this study, we have examined the signaling pathway and molecular mechanism that regulate GluR1 promoter activity, GluR1 expression, and GluR1-mediated calcium influx in cultured cortical neurons. Our results revealed that GluR1 is directly and negatively regulated by Hes-1. Hes-1 suppressed GluR1 promoter activity through direct binding to the N-box of GluR1 promoter, and each N-box plays an equally important role in mediating the suppressing effect of Hes-1. In addition, Hes-1 also suppressed GluR1 promoter activity through preventing Mash1/E47 complex from binding to the E-box of GluR1 promoter. In a previous study, Hes-1 was shown to suppress the promoter activity of the MAP2 gene also through direct binding to the N-box of the MAP2 promoter that is involved in melanoma progression, and this effect is Notch signaling dependent (Bhat et al., 2006) . Because MAP2 is known to stabilize microtubules and is important for neurite outgrowth (Dehmelt et al., 2003) , this report suggests that Hes-1 may be implicated in neuronal function. Here, we provide direct evidence that Hes-1 suppressed GluR1 promoter activity and decreased GluR1 protein expression in cultured cortical neurons. Furthermore, Hes-1 inhibition of GluR1 expression plays a role in suppressing calcium influx evoked by AMPA stimulation. This is the first report showing that Hes-1 could regulate synaptic function in differentiated neurons, and this result is congruent with a previous report showing that Hes-5 impairs contextual fear memory in rats (Lee et al., 2007) . More importantly, we have found that Hes-1 inhibition of GluR1 expression is independent of Notch signaling. This latter result suggests that other signaling pathways mediate the effect of Hes-1 on GluR1 expression.
Hes-1 was previously found to contain the protein kinase C consensus sites and phosphorylation of these sites inhibits the DNA binding activity of Hes-1 that is involved in nerve growth factormediated neurite outgrowth in PC12 cells (Ström et al., 1997) . In another study, Hes-1 was found phosphorylated by calcium/ calmodulin-dependent kinase II ␦ (CaMKII␦), and CaMKII␦ phosphorylation of Hes-1 alters the function of Hes-1 from a repressor to an activator required for neuronal differentiation (Ju et al., 2004) . Furthermore, Hes-1 could be regulated by JNK signaling in human endothelial cells, and this is Notch signaling independent (Curry et al., 2006) . But this study did not reveal the molecular mechanism underlying JNK1 regulation of Hes-1 expression. In a more recent study, JNK was found to phosphorylate the GluR2L and GluR4 subunits of AMPA receptor directly, and JNK phosphorylation of GluR2L regulates AMPA receptor trafficking following neuronal activation in a rapid and bidirectional manner (Thomas et al., 2008) . But whether JNK also regulates GluR1 and the relationship among JNK, Hes-1, and GluR1 was not known. Our results provide the first evidence that JNK1 suppressed GluR1 promoter activity and GluR1 expression through the mediation of Hes-1 in cultured cortical neurons. We also identified Hes-1 as a novel substrate of JNK1 and JNK1 phosphorylation of Hes-1 stabilized the Hes-1 protein. This result is consistent with other reports showing that JNK1 could also stabilize Sp1 and p53 as a consequence of JNK1 phosphorylation of these proteins (Fuchs et al., 1998; Chuang et al., 2008) . These results also suggest that one common mechanism for JNK1 to stabilize a protein is mediated through JNK1 phosphorylation of this substrate protein. These results are also congruent with the report that JNK1 activity is present in the nucleus (Björkblom et al., 2005) . But our results do not exclude the possibility that JNK1 may also upregulate and stabilize Hes-1 through other yet-unidentified mechanisms. Furthermore, Hes-1 expression in cortical neurons and Hes-1 suppression of GluR1 expression is independent of Notch signaling. This result is congruent with the report that JNK regulation of Hes-1 expression in endothelial cells is also independent of Notch (Curry et al., 2006) . In addition, transforming growth factor-␣ was found to regulate Hes-1 expression through Ras/MAPK signaling in neuroblastoma cells that is also independent of Notch signaling (Stockhausen et al., 2005) . Moreover, some inflammatory stimuli were found to increase Notch expression but decrease Hes-1 transcription in microglial cells (Grandbarbe et al., 2007) . It is apparent that Hes-1 expression is regulated in both a Notch-dependent and Notch-independent manner. We have further found that, in addition to JNK1, JNK2 also directly phosphorylates Hes-1 at Ser-263 (Fig. 13) . Thus, Hes-1 may be a common substrate of the JNK kinase family in neurons. This speculation is consistent with the report that bFGF2 enhances Hes-1 expression through direct binding of JNK-activating transcription factor 2 (ATF2) to the Hes-1 promoter (Sanalkumar et al., 2010) , whereas ATF2 is a downstream target of JNK (Gupta et al., 1995) . Moreover, Hes-1 suppression of GluR1 expression decreased calcium influx upon AMPA stimulation in cortical neurons. Hes-1 is well known to regulate neuronal differentiation and development.
Here, we provide the first evidence that Hes-1 also regulates synaptic function in differentiated neurons. Whether Hes-1 also regulates other forms of neuronal plasticity awaits further investigation.
The regulation mechanism for GluR1 expression is barely known in the literature. In this study, we found that JNK1 negatively regulates GluR1 expression, and JNK1 inhibition of GluR1 expression decreased calcium influx evoked by AMPA stimulation in cortical neurons. This result suggests that JNK1 signaling decreases synaptic function, and this result is consistent with the finding that JNK mediates the impairing effect of amyloid-␤ on LTP (Costello and Herron, 2004) . It is also consistent with the report that JNK is involved in the inhibitory effect of IL-1␤ on LTP (Curran et al., 2003) . Although the percentage of GluR1 receptor present at synapses is relatively low, we have demonstrated that both JNK1 and Hes-1 also suppressed GluR1 expression at synapses and synaptic membrane, and Hes-1 also mediated the suppressing effect of JNK1 on GluR1, similar to their suppressing effect on GluR1 observed in the soma. These results are congruent with the report that GluR1 knock-out mice show impaired LTP (Mack et al., 2001 ) and indicate that synaptic GluR1 is functionally significant in addition to its regulation of AMPA-evoked calcium influx. In addition to suppression of GluR1 expression, JNK also regulates AMPA receptor trafficking. It is found that activation of Rap2, a small GTPase related to Rap1, inhibits AMPA receptor-mediated synaptic transmission for depotentiation through activation of JNK at hippocampal CA1 neurons (Zhu et al., 2005) . Furthermore, JNK1 is also involved in AMPA receptor internalization in the nucleus accumbens after cocaine challenge in sensitized rats (Boudreau et al., 2007) . Moreover, because JNK2/3 signaling is activated upon stress and neuropathological stimulation (Bogoyevitch and Kobe, 2006) , and both JNK1 and JNK2 phosphorylate Hes-1 at Ser-263, the present result is also consistent with the finding that chronic mild stress decreases GluR1 expression in rat prefrontal cortex and hippocampus (Toth et al., 2008) . Whether stress also upregulates Hes-1 expression and decreases calcium influx requires further investigation.
In the present study, by using a very low dose of anisomycin (100 ng/ml) to activate JNK1, we found that it rapidly increased Hes-1 mRNA level within 1 h, but anisomycin turns to decrease Hes-1 mRNA level at later time points (Fig. 7A) . This is possibly due to negative autoregulation of Hes-1 expression because the Hes-1 promoter contains three N-boxes and Hes-1 was found to bind its own promoter through these N-boxes to suppress its gene expression (Takebayashi et al., 1994) .
In summary, in the present study, we have identified Hes-1 as a novel substrate of JNK1. JNK1 phosphorylation of Hes-1 at Ser-263 stabilizes the Hes-1 protein. However, the regulation mechanism for GluR1 expression is rarely studied. We first demonstrated that Hes-1 could downregulate GluR1 expression through direct binding to the N-box and through preventing the Mash1/E47 complex from binding to the E-box of the GluR1 promoter, and this regulation is Notch independent. Moreover, we found that JNK1 decreased GluR1 expression through the mediation of Hes-1 and this signaling pathway inhibits calcium influx evoked by AMPA in cultured cortical neurons (Fig. 14) . This is not only the first study revealing that JNK1 signaling could regulate GluR1 expression involved in synaptic function, this is also the first study showing a novel role of Hes-1 involved in synaptic function in differentiated neurons.
